A survey of the carbon chain negative ion C 6 H − and the structurally similar radicals C 4 H and C 6 H has been done with the 100 m Green Bank Telescope toward 24 galactic molecular sources. The most readily observed molecular anion to date, C 6 H
INTRODUCTION
Negative molecular ions (anions) had long been predicted to be constituents of the interstellar gas (Dalgarno & McCray 1973; Sarre 1980; Herbst 1981) , but have only been discovered recently, starting with the identification of the large carbon chain anion C 6 H − in two sources: the expanding molecular shell of the evolved carbon star IRC+10216, and the cold dark cloud TMC-1 (McCarthy et al. 2006 ). More recently, C 6 H − has been detected in the low-mass star forming region L1527 (Sakai et al. 2007 ). So far C 6 H − is the most readily detected molecular anion in astronomical sources, plausibly because C 6 H is small enough to be produced at fairly high abundances in molecular clouds, but large enough for efficient electron attachment (Herbst & Osamura 2008) . In the known sources of anions, lines of C 6 H − are several times stronger than those of all other molecular anions (Cernicharo et al. 2007; Brünken et al. 2007; Remijan et al. 2007; Kawaguchi et al. 2007; Thaddeus et al. 2008) .
In contrast, positive molecular ions (cations) have been known to exist since the beginning of molecular astronomy, with CH + being one of the first three molecules identified in the interstellar gas (Douglas & Herzberg 1941) . The two most widely distributed molecular cations, HCO + and N 2 H + , have been used to study the physical and chemical conditions in many astronomical sources (e.g., Turner & Thaddeus 1977; Womack et al. 1992; Caselli et al. 2002a) .
To determine the distribution of molecular anions in space and to better establish their abundance relative to that of their neutral counterparts, a survey of C 6 H − with the 100 m Green Bank Telescope (GBT) 4 in 24 galactic molecular sources was recently undertaken. The essential purpose of this survey was to find new sources of C 6 H − , but in the process we have surveyed the related carbon chains of C 4 H and C 6 H as well. Here we summarize the results of this survey, including the detections of C 4 H and C 6 H in several new sources, and C 6 H − in two new dark clouds. 3 Also at: Institute for Theoretical Chemistry, Departments of Chemistry and Biochemistry, The University of Texas at Austin, Austin, TX 78712, USA. 4 The National Radio Astronomy Observatory is a facility of the National Science Foundation operated under cooperative agreement by Associated Universities, Inc.
OBSERVATIONS
The observations were done with the NRAO 100 m GBT (see Table 1 for specifications). The main survey consisted of simultaneous observations of lines of C 4 H, C 6 H, and C 6 H − between 18-22 GHz with the K-band receiver, but a few observations were done during poor weather between 8-10 GHz with the X-band receiver. In addition, a search was done for C 6 H − in two sources, Sgr B2(N) and W51 (M/S), at 13.8 GHz with the Ku-band receiver, but we did not search for C 6 H at Kuband as the observations were done prior to the identification of C 6 H − . The observing procedure was nearly the same as that described previously (Brünken et al. 2007 ). Spectra were acquired by position switching, with a frequency resolution across a 50 MHz wide band in narrow line sources or a 200 MHz band in wide line sources, as summarized in Table 1 . At all frequencies, two orthogonal polarizations were observed simultaneously and averaged to improve the signal-to-noise ratio.
Twenty-four sources were covered in the survey. Of these, about half are dark clouds; the rest include translucent and diffuse clouds, photon-dominated regions (PDRs), low-mass protostars, giant molecular clouds associated with H ii regions, and circumstellar envelopes of carbon-rich stars (Table 2) . Nine were selected because of prior evidence of C 4 H and two of C 6 H (see Table 2 ); others known to contain HC 3 N and larger cyanopolyynes but not necessarily carbon chain radicals were also included.
RESULTS
The survey results toward dark clouds are given in Section 3.1, those toward L1544 and L1521F are described in Section 3.1.1, and trends in the abundances of carbon chains are presented in Section 3.1.2. Results for some representative molecular sources other than dark clouds are summarized in Section 3.2. The intensities, widths, and velocities of the observed lines are listed in Tables 3 and 4 . Derived column densities and abundance ratios are summarized in Table 5 .
Dark Clouds
Twelve dark clouds-eight in the Taurus complex-were observed in the present survey. Large carbon chain radicals had Note. Beam diameter = 740/ν (FWHM), η is the telescope beam efficiency, ∆ν is the resolution, and T sys is the total system temperature including contribution from the earth's atmosphere. Lefloch et al. 1998; (15) Jörgensen et al. 2005; (16) Morris et al. 1976; (17) Madden et al. 1989; (18) Fukasaku et al. 1994; (19) Highberger et al. 2001; (20) Highberger et al. 2003. previously been observed in only a few: C 4 H in 10 (five of which are covered here) and C 6 H in two (TMC-1 and L1527). Here, C 4 H was detected in 11 dark clouds and C 6 H in five. In many of these, lines of C 4 H are moderately intense (T A > 100 mK), and in some, only 2-5 times weaker than those in TMC-1 (2007) and Thaddeus et al. (2008) and those for L1527 from Sakai et al. (2007 Sakai et al. ( , 2008 .
( Figure 1 (a)). Where C 6 H is detected, its lines are only about 2-6 times weaker than those in TMC-1 and the column density is linearly related to that of C 4 H (slope = 1.3 ± 0.3, correlation coefficient = 0.90). Two sources in Taurus-L1544 and L1521F-show strong lines of C 4 H and C 6 H, and it is in these that the carbon chain anion C 6 H − was detected (Figures 2 and 3 ). The new detections double the number of dark clouds where C 6 H − is known. In a 
Notes. Units: T A in mK, v LSR and ∆v in km s −1 , and T A dv in K km s −1 . Line parameters derived from least-squares fits of Gaussian profiles to observed spectra. For C 4 H and C 6 H, T A dv has been summed over all fine and hyperfine components. Except where noted lines were observed in the 18-22 GHz band. See Table 4 for line parameters in L1544 and L1521F. a Peak intensity of the strongest hyperfine component of C 4 H (N, J, F = 2, 2.5, 3 − 1, 1.5, 2) at 19015.144 MHz. b Peak intensity of the strongest hyperfine component of C 6 H ( 2 Π 3/2 , J = 6.5 − 5.5, F = 7 − 6, e) at 18020. few other dark clouds, where lines of C 6 H are comparable in strength to those in L1544 and L1521F, C 6 H − may be close to detection (e.g., there is a hint of a weak line, about 10 mK, in L1521B after 8 hr of observation).
L1544 and L1521F
L1544 is one of the best known examples of a prestellar core apparently close to gravitational collapse, while L1521F has recently been found to contain a faint protostar (Crapsi et al. 2005 , Bourke et al. 2006 . Single antenna and interferometric observations of N 2 H + , N 2 D + , C 18 O, CS, and CCS and millimeter-wave dust continuum observations toward both sources reveal several features associated with the earliest stages of low-mass star formation: (1) a high degree of CO depletion; (2) dense (10 6 cm −3 ) cores surrounded by extended lower density (∼10 4 -10 5 cm −3 ) gas; (3) evidence for gravitational infall from the widths and asymmetric velocity profiles of molecular lines; and (4) enhanced deuterium fractionation as indicated by the large N 2 D + /N 2 H + ratio (Tafalla et al. 1998; Ohashi et al. 1999; Caselli et al. 2002b Caselli et al. , 2002c Crapsi et al. 2004 Crapsi et al. , 2005 . Double-peaked line profiles of C 4 H, C 6 H, and C 6 H − were detected toward the peak N 2 D + emission in L1544. The partially resolved peaks are quite narrow, 5 with a weak component at 7.1 km s −1 and a stronger one at 7.35 km s −1 (Figure 2 ). The observed doubling is not hyperfine structure, because the separation between the two components (∼ 0.25 km s −1 ) is much smaller than the hyperfine splitting in C 4 H and C 6 H (see Figure 2 and Table 4), and because fine and hyperfine structure is absent in the closed-shell C 6 H − (McCarthy et al. 2006) . The relative intensities of the two velocity components are reversed with respect to those of other molecular lines (e.g., N 2 D + and N 2 H + ; Caselli et al. 2002b) . Because the lines of all three carbon chains are probably optically thin, the observed asymmetry is unlikely to result from self-absorption; it is more likely caused by a spatial asymmetry in the source, with more redshifted than blueshifted gas, the dip in the center resulting from freeze-out of long carbon chains in the core of L1544 (P.C. Myers 2008, private communication).
C 4 H, C 6 H, and C 6 H − were also detected near the peak emission of N 2 D + in L1521F ( Figure 3 ). As shown in the lefthand panel of Figure 3 , the line profiles of C 4 H, C 6 H, and C 6 H − are asymmetric, but do not show well-resolved velocity structure 5 The observed line widths are only about 1.5-2 times larger than the thermal line width of 0.1 km s −1 (FWHM) at 10 K. like that toward L1544, possibly because of the more complex structure of this source (Crapsi et al. 2004 ). The asymmetric profiles observed here are similar to those found for HC 5 N (Codella et al. 1997 ).
Relative Abundances of Carbon Chains
For simplicity, we define R N as the C 6 H/C 4 H ratio and R A as C 6 H − /C 6 H. Five trends are apparent in the dark clouds surveyed here: (1) the column densities of C 6 H and C 4 H are strongly correlated; (2) R N lies approximately between that observed in L1527 and TMC-1 (0.2%-1%; Figure 1(b) ); (3) R A is similar to that in TMC-1 and L1527 (1%-10%; Figure 1(c) ); (4) R N approaches that in TMC-1 in only two sources (L1495B and L1521B); and (v) R A does not exceed that of L1527. The highest observed R N is in L1495B and R A in L1521F; the lowest observed R N is in L1521F and R A in L1544.
Other sources
In sources other than dark clouds C 4 H and C 6 H were detected in only two (the translucent cloud CB17 and the carbon star CRL2688), and C 6 H − was not detected in any. In CB17, R N is about 1% and R A < 4%, similar to that in dark clouds. The upper limit of R A in CRL2688 (23%) is nearly three times larger than that found in IRC+10216 (8.6%; Kasai et al. 2007 ). The three species were not detected in the Horsehead nebula, where C 4 H and C 6 H have previously been reported in the 3 mm wave band (Teyssier et al. 2004; Agúndez et al. 2008 ).
DISCUSSION
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too low by a factor of 3 and 13, respectively, and R N is too low by a factor of 4. Better agreement for the calculated R N could be attained at longer assumed times (i.e., > 3.16 × 10 5 yr), but the column densities would then be much too low. Owing to uncertainties in the calculated abundances of C 4 H and C 6 H, it is premature to infer the ages of dark clouds and to make detailed comparisons of the chemistry of different clouds on the basis of current time-dependent chemical models and the measurements reported here.
The calculated abundances of anions are even more uncertain than those of the corresponding neutral species, because as noted by Millar et al. (2007) the rates for radiative electron attachment (A + e → A − + hν), and the product distributions (branching ratios) of subsequent reactions of molecular anions with atomic species have not been measured in the laboratory. Although the calculated R A for TMC-1 is only about three times higher than that observed (Brünken et al. 2007 ), the calculated C 4 H − /C 4 H ratio is at least 10-100 times too high Herbst & Osamura 2008) . A detailed quantitative comparison of the calculated abundances of C 4 H, C 6 H, and C 6 H − with those in Table 5 , awaits laboratory measurements of the rates of formation and destruction of these carbon chain radicals and anions.
The C 6 H − anion may be close to detection in at least three other dark clouds included here. The R A in TMC-1, L1544, and L1521F is similar (Figure 1(c) ), indicating that C 6 H − might be detectable in clouds where the column density of C 6 H [N(C 6 H)] is comparable to these representative sources. In three clouds (L1521B, L1495B, and L1512), R N and N(C 6 H) are comparable to those in L1544 and L1521F (Figure 1 and Table 5 ). For example, in L1521B the upper limit of N(C 6 H − ) (corresponding to R A ∼ 2%) is at least a factor of 3 lower than the other dark clouds in Table 5 , suggesting that C 6 H − may be detectable in a few other sources (especially L1495B and L1512) with only 3 to 4 times deeper integration. If sources with R A comparable to that of L1527 are found (∼10%; Sakai et al. 2007 ), then C 6 H − might be detectable even if lines of C 6 H are weak.
Detection of C 6 H − toward other sources should be possible with deeper searches. Lines of C 6 H in CRL2688 near 20 GHz are fairly weak (< 5 mK), so detection of the anion in this frequency band would require a ninefold deeper integration if R A is comparable to that in IRC+10216. Because CRL2688 is a fairly warm source (25 < T rot < 80 K), searches for transitions in the millimeter-wave band from levels near the peak of the Boltzmann distribution might yield detection of C 6 H − . In CB17, our upper limit for R A of 4% is only slightly greater than that observed in dark clouds, but lines of C 6 H are quite weak (∼ 20 mK; see Table 3 ). If R A is similar to that for the three representative dark clouds (L1544, L1521F, and TMC-1), then C 6 H − might be detectable in CB17 with 40-50 hr of integration.
The fairly narrow range of R A (Figure 1(c) ) might reflect differences in the rate of production of C 6 H − in the four known dark clouds. Because the electron abundance varies as n 1/2 , whereas the H abundance is predicted to be independent of the density (Li & Goldsmith 2003; Flower et al. 2007 ), the observed variation in R A may reflect differences in the electron abundances in these sources. In L1544, L1521F, and TMC-1 (n ∼ 10 4 -10 5 cm −3 ) R A is 1%-4%, while in L1527 (n ∼ 10 6 cm −3 ) R A is 3 to 5 times higher, consistent with the higher estimated density (Sakai et al. 2007; see Appendix) .
The anion-to-neutral ratio may yield a fairly direct measure of the electron density in dark clouds. We illustrate this by an approximate calculation of e/H 2 from the observed R A , the rate of electron attachment (k ra ) to C 6 H, and the abundance of atomic hydrogen (see Appendix). For L1544 and L1521F, our estimate of the fractional ionization from a single point measurement of 10 −8 to 10 −7 , is somewhat higher than that obtained from extensive measurements and analysis of N 2 D + and N 2 H + (Caselli et al. 2002b; Crapsi et al. 2004 ), but closer to that derived from observations of CO, HCO + , and DCO + toward low-mass cores. The two main sources of uncertainty are k ra , and the abundance of H. Laboratory measurements of k ra as well as possible improved estimates of the H abundance in dark clouds (e.g., Goldsmith et al. 2007 ) may allow tighter constraints on the fractional ionization derived from molecular anions.
CONCLUSIONS
This survey has resulted in an increase in the number of known galactic sources of C 4 H by nearly 50%, and C 6 H by more than twofold. Although relatively few molecular clouds have been surveyed for large carbon chain radicals, our results for dark clouds indicate that the abundance of C 6 H may be closely tied to that of C 4 H. Here, C 4 H was observed in nearly all dark clouds, and C 6 H in those which showed strong lines of C 4 H, indicating that C 4 H may be a useful surrogate for large carbon chains in future surveys.
The two new sources of C 6 H − found here increase the number of sources accessible to the study of molecular anions by nearly twofold, and more may be found in similar surveys. Some promising sources yet to be studied include dark clouds in the Aquila rift, e.g., L492, where large cyanopolyynes are as abundant as in TMC-1 (Hirota & Yamamoto 2006) , and the carbon star IRAS 15194-5115, where C 4 H is three times more abundant than in IRC+10216 (Nyman et al. 1993) .
The results here suggest that molecular anions may be close to detection in many astronomical sources-in dark clouds especially, but in other sources as well. At present C 6 H − is the best available probe of the negative charge (see Appendix), but that may change with the discovery of other molecular anions. Of the more than 1000 molecular anions that have been investigated in the laboratory (Rienstra-Kiracofe et al. 2002) , so far only linear carbon chains and two simple diatomics (OH − and SH − ; Matsushima et al. 2006; Civiš et al. 1998) have been studied at the high resolution required for radio astronomical searches. Laboratory detection of other types of anions whose parent molecules are widely distributed should extend the study of molecular anions to sources deficient in carbon chains, and mark a significant advance in the search for new sources of molecular anions.
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APPENDIX ESTIMATES OF FRACTIONAL IONIZATION FROM MOLECULAR ANIONS
Molecular anions provide an independent means of estimating the fractional ionization (x e ≡ [e]/[H 2 ]) of molecular clouds (see e.g., Flower et al. 2007 ). So far, x e has mainly been estimated indirectly from observations of molecular cations in conjunction with chemical models, but large uncertainties remain in its determination (for a review, see Caselli 2002d) . The most reliable estimate of x e might be obtained from a simultaneous analysis of the measured abundances of anions and cations based on the assumption that they are codistributed in the cloud.
The formation of C 6 H − likely occurs via radiative attachment C 6 H + e k ra
and its destruction by neutralization with positive ions and associative detachment with atomic hydrogen
where M + is any positive ion. We neglect dissociative attachment to the carbene C 6 H 2 as a route to the formation of C 6 H − , and charge transfer (to large molecules or grains) and photodetachment as routes to the destruction of C 6 H − (see e.g., Sakai et al. 2007 and Agúndez et al. 2008 Cernicharo et al. 2007; Sakai et al. 2007 ); k ad = 5 × 10 −10 cm 3 s −1 was accurately determined from laboratory measurements (Barckholtz et al. 2001 ). On the assumption that reaction (A3) is the dominant loss mechanism of C 6 H − at densities < 10 6 cm −3 (Sakai et al. 2007 ), Equation (A4) 
In L1544 and L1521F, the gas densities are estimated to lie between 10 4 and 10 5 cm −3 except in the dense cores (Caselli et al. 2002b; Crapsi et al. 2004) . From Equation (A5) (Li & Goldsmith 2003) , our estimate of x e = 10 −8 to 10 −7 is somewhat higher than that from earlier measurements of N 2 D + /N 2 H + (Caselli et al. 2002b; Crapsi et al. 2004 ), but close to that obtained from observations of CO, HCO + , and DCO + in dense cores Williams et al. 1998 ).
